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ABSTRACT 
 
Phillips, Peter, Michael. M.S., Department of Earth and Environmental Sciences, Wright 
State University, 2007.  Porosity and Permeability of Bimodal Sediment Mixtures Using 
Natural Sediment. 
 
Porosity and permeability are parameters that affect the flow of ground water in 
the subsurface and have significant implications on the modeling of fate and transport of 
contaminants.  However, little has been done to quantitatively examine the effect on 
porosity and permeability of packing in bimodal mixtures of natural sediment.   
This study compares measurements of porosity and permeability on model 
bimodal sediment mixtures with predictions from petrophysical models.  The main goal 
is to evaluate how well these petrophysical models predict porosity and permeability in 
bimodal mixtures of natural sediment.   
The effect of the volume fraction of fines on porosity and permeability within 
bimodal sediment mixtures using natural grain size components will also be examined.  
First, I took measurements on the mixtures to determine porosity values.  Then I 
compared these values to those predicted by the expanded fractional packing model for 
porosity.  The expanded fractional packing model for porosity represents mixtures in 
which finer grains approach the size of the voids among the pre-mixed coarser grains.  
Next, I utilized a grain size statistical method to derive estimates for permeability, using 
the measured porosity values.  I then compared these estimates to measured permeability 
values.  I took permeability measurements on the mixtures using air- and water-based 
methods.  Finally, I made conclusions about the petrophysical models for porosity and 
 ii
permeability to determine whether or not they were applicable to natural sediment.  These 
conclusions will help to improve the confidence in estimating the parameters of porosity 
and permeability. 
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1.0 INTRODUCTION 
 
Grain size, shape, and packing are characteristics of granular porous media that 
have a significant effect on groundwater flow, affecting both porosity and permeability.  
Hubbert [1940] determined that if uniform spheres are uniformly packed, porosity is not a 
function of grain diameter but permeability is a function of the square of the grain 
diameter.  However, natural sediment does not consist of uniform grains and packing; it 
contains mixtures of finer and coarser grains of irregular shapes and complex packing 
arrangements.  Nevertheless, the effects on porosity and permeability when sediment is 
not uniform in size and packing have been extensively explored but the effects on 
porosity and permeability when sediment is not uniform in shape needs to be explored 
further.    
 Laboratory and field experiments have verified that grain size and packing affect 
porosity and permeability in unconsolidated clastic sediment [Freeze and Cherry, 1979; 
Marsily, 1986; Domenico and Schwartz, 1990].  Research has also been conducted on 
estimating hydraulic parameters, porosity and permeability, and the sediment parameters, 
grain size and packing.  Koltermann and Gorelick [1995] worked to improve the 
knowledge of these relationships by modifying previous petrophysical models to more 
accurately predict the permeability of sediment mixtures.   
Kamann [2004] expanded on the work of Koltermann and Gorelick [1995] to 
account for five possible types of packing rather than the two types of packing upon 
which their fractional packing model was based.  He took porosity and permeability 
 2
measurements on model bimodal sediment mixtures that varied in the volume fraction of 
finer grains, which he compared with predicted values.  In keeping with Koltermann and 
Gorelick [1995], Kamann [2004] also modeled the porosity and permeability of bimodal 
sediment mixtures to address the effect of the volume fraction of fines.  As the volume 
fraction of fines increases within a sediment mixture, porosity changes as the packing of 
the mixture changes.  A porosity minimum occurs when the volume of the finer 
component equals the pore volume of the coarser component.  Kamanns [2004] used 
spherical grains to model poorly-sorted sands and sandy gravels.  Spherical glass beads 
and marbles were used to represent fine sand, medium sand, coarse sand and pebble grain 
sizes.  Kamann [2004] chose to use spherical grains to eliminate variations in shape.  He 
assumed that the bimodal sediment mixtures of spherical glass beads and marbles 
provided an approximation of natural sediment.   
Conrad [2006] focused specifically on measurements taken at small support scales 
using the air-based method of determining permeability on mixtures of spherical grains.  
He revised the permeability procedures, improved the air-based permeameter correction 
model developed by Kamann [2004], replicated and improved upon the permeability 
measurements taken by Kamann [2004], and further confirmed the applicability of the 
petrophysical model for permeability.   
The research conducted by Koltermann and Gorelick [1995], Kamann [2004] and 
Conrad [2006] explored the effect of grain size and packing on porosity and permeability.  
The focus of this research will explore the effect of grain size, shape, and packing on 
porosity and permeability by using bimodal mixtures of natural sediment.  
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This study will continue the work of Kamann [2004] and Conrad [2006] by 
replacing spherical glass beads and marbles with natural sand grains and pebbles to 
reexamine the effect of the volume fraction of fines on porosity and permeability.  The 
goals of this study are to (1) measure porosity and permeability for mixtures of natural 
sediment that vary by percentages of the volume fraction of finer grains, (2) to evaluate if 
the model created by Kamann [2004] based on spherical grains is accurate for natural 
sediment grains and (3) to improve the confidence of estimating porosity and 
permeability. 
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2.0 BACKGROUND 
 
When modeling sediment mixtures it is important to understand the ways in 
which grains may be packed.  There exist two types of ideal packing: ideal coarse 
packing and ideal fine packing (Figure 1A).  Ideal coarse packing occurs when smaller 
grains fit entirely within the pore spaces created by the coarser grains.  Ideal fine packing 
occurs when larger grains are dispersed in a fine-grained matrix.  Considering laboratory 
observations from previous work on porosity [Furnas, 1929; Westman and Hugill, 1930; 
McGeary, 1961; Han et al., 1986; Marion, 1990; and Marion et al., 1992], Koltermann 
and Gorelick [1995] discovered that the model for ideal packing underpredicts the 
porosity of sediment mixtures.  They surmised that the porosity is underpredicted because 
the model accounts for only one type of grain packing, either ideal coarse packing or 
ideal fine packing.  To avoid this, they derived a fractional packing model (referred to as 
the KG fractional packing model) to account for mixtures of two sediments with regions 
of ideal fine packing and regions of ideal coarse packing.  The KG fractional packing 
model represents experimental porosity data more accurately than the ideal packing 
model.   
The KG fractional packing model assumes that finer grains are much smaller than 
the pore space between the coarser grains.  However, this assumption is too restrictive for 
most natural sediment because grain sizes vary widely.  A sediment mixture can 
conceivably have finer grains that are not smaller than the pore space between the coarser 
grains.  In such a case, the coarser grains would be disturbed by the finer grains.   
 5
 
 
 
Figure 1: (A) Schematic diagram of ideal packing that illustrates grain packing for a 
binary mixture of sediment.  Packing is assumed to be either ideal coarse packing, in 
which the finer grains fit within coarser grains without disturbing their packing, or ideal 
fine packing, in which coarser grains fit within finer grains without disturbing their 
packing.  (B) Predicted changes in porosity within a sediment mixture as the volume 
fraction of fines increases and packing changes from coarse packing to fine packing.  A 
porosity minimum (φmin) occurs near the volume fraction of fines when the volume of the 
finer component equals the pore volume of the coarser component. The symbols, φc and φf  
refer to the porosity of the coarser component and the porosity of the finer component, 
respectively.  (C) Predicted changes in permeability as a function of the volume fraction 
of fines. [Kamann, 2004, as modified from Koltermann and Gorelick, 1995] 
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Disturbed coarse packing and ideal coarse packing are mutually exclusive within a 
mixture because if the coarser grains are disturbed then the finer grains do not fit entirely 
within the pore spaces of the coarser grains.    
Kamann [2004] realized this and defined five types of packing.  He explained that 
a sediment mixture can have as many as four of these types of packing in separate regions 
whereas the KG fractional packing model accounts for only two types of packing.  These 
types of packing include either (1) ideal coarse packing or (2) disturbed coarse packing; 
(3) ideal fine packing; (4) coarser grains only; and (5) finer grains only.  Kamann [2004] 
found that these types of packing may occur at any value of the volume fraction of the 
finer component, especially within the middle range of these values.   
One measure of the volume fraction of the finer component, rf, is defined as the 
ratio of the volume of the finer component (Vf) to the post-mixed volume of the mixture 
(Vmix): rf = Vf/Vmix.  Simply put rf is the post-mixed volume fraction of the finer 
component.  A slightly different measure of the volume fraction of the finer component, 
ξ, was defined by Kamann [2004] as the ratio of Vf to the pre-mixed volume of the 
sediment components (Vc+Vf): ξ = Vf /(Vc+Vf); Vc is the volume of the coarser component.  
Essentially, ξ is the pre-mixed volume fraction of the finer component.      
When components are combined but not mixed rf = ξ, regions of packing types 4 
and 5 are present.  When the components are mixed a volume reduction occurs and rf > ξ.  
In this case regions consisting of packing types 1, or 2, 3, 4 and 5 may occur.  The 
volume reduction is expressed by the ratio rv: 
mix
fcf
v V
VVr
r
+
==
ξ
         (1) 
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Under ideal coarse packing in which the finer grains fit entirely within the pore spaces 
among the coarser grains, Vmix = Vc.  In this case, 
 
c
fc
v V
VV
r
+
= .                                 (2) 
However, under non-ideal packing Vmix > Vc and, in this case,  
 
c
fc
v V
VV
r
+
< .                                 (3) 
The minimum value of rv (rvmin) occurs when the porosity, φ, of the mixture is a 
minimum, minφ .  To account for this difference between ideal and non-ideal coarse 
packing, Kamann [2004] expanded the KG fractional packing model by defining the 
following triangle function for rv:  
,11
min
min +




 −= ξ
ξ
v
v
rr      ξ ≤ ξmin;         (4)        
,1)1(
1
1
min
min +−





−
−= ξ
ξ
v
v
rr      ξ ≥ ξmin;                                 (5)  
where ξmin is the pre-mixed volume fraction of the finer component at which minφ  occurs.  
Equations 4 and 5 are used to calculate rv, which is then used to calculate rf for the model 
by rearranging equation 1.  Given this modification Kamann [2004] posed a piecewise-
linear fractional packing model for porosity (referred to as the expanded fractional 
packing model for porosity):  
                                         ,
min
min ξ
ξ
φφφφ 




 −
−= cc      ξ ≤ ξmin;                                           (6) 
    ),1(
1 min
min −





−
−
+= ξ
ξ
φφ
φφ ff      ξ ≥ ξmin;                               (7) 
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where cφ  is the porosity of the coarser component, and fφ  is the porosity of the finer 
component.   
As with the KG fractional packing model, the expanded version also requires 
values for the experimentally determined parameters of cφ , fφ , and minφ .  However, in 
the expanded version minφ occurs near where ξ ≈ cφ , rather than where rf ≈ cφ .   
In regard to permeability predictions, Koltermann and Gorelick [1995] modified 
the Kozeny-Carman equation to better represent sediment mixtures by incorporating their 
fractional packing model for porosity.  The modified equation is as follows: 
2
32
)1(180 fp
fpfp
fp
d
k
φ
φ
−
=               (8) 
where kfp is the fractional packing permeability, dfp is the representative grain diameter 
(dependent on fractional packing) and fpφ  is the porosity of the sediment mixture 
calculated with the fractional packing model.  dfp was volume-weighted according to 
calculations by Koltermann and Gorelick [1995].  Kamann [2004] then modified this 
equation further by incorporating his expanded fractional packing model. 
Kamann [2004] measured porosity and permeability on sediment mixtures and 
then compared these to values predicted by the models mentioned above.  These mixtures 
were model approximations of natural poorly-sorted sands and sandy gravels.  The 
introduction of five possible types of packing that can occur in a sediment mixture 
accounts for complex packing arrangements that may be present naturally.  Therefore, 
Kamann [2004] assumed that the expanded fractional packing model is generally 
representative of poorly-sorted sands and sandy gravels.  The present study will evaluate 
how well the model applies to natural sediment.   
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Taking the results and procedures of Kamann [2004] into account, Conrad [2006] 
focused further on the permeability of bimodal sediment mixtures by taking 
measurements at small support scales.  Conrad [2006] revised the air-based permeability 
procedures of Kamann [2004] to reduce displacement of sediment by air slip-flow.   
Conrad [2006] determined a sufficient depth in the sediment at which a stable 
representative measurement could be taken, which he termed the tip-seal burial method.  
He also improved upon the correction needed for the air-based measurements to account 
for the effects of high-velocity flow.  He repeated the permeability measurements taken 
by Kamann [2004] and further confirmed the applicability of the permeability model. 
Conrad [2006] found that the air-based measurements corresponded well to the 
water-based measurements for both sand mixtures and sand/pebble mixtures.  Thus, the 
air-based measurements with a small support scale were generally similar to the water-
based measurements with a larger support scale.  Conrad [2006] concluded that the 
permeability of bimodal sediment mixtures of poorly-sorted sands can be accurately 
measured with the air-based permeameter.  He found that mixtures dominated by finer 
grains show only subtle differences between air- and water-based measurements.  Conrad 
[2006] determined that the air-based permeameter captures subtle changes in poorly-
sorted sands better than in pebbly sands. 
In addition to Kamann [2004] and Conrad [2006], studies have been conducted 
since the work of Koltermann and Gorelick [1995] that utilize models for predicting 
permeability.  Revil and Cathles [1999] presented a permeability model for bimodal 
sediment mixtures that is based on parameters that separate pore throat porosity from 
total porosity and the effective radius from the total radius of the grains.  Boadu [2000] 
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developed permeability models using representations of the grain size distribution as well 
as the petrophysical properties of porosity, volume fraction of fines, and bulk density.  
Other research on the porosity-permeability relationship for porous media involved the 
modification of previous models (Barr [2001], Revil et al. [2002], Chapuis and Aubertin 
[2003], Chapuis [2004], and Costa [2006]).  These studies all use different models for 
predicting permeability but none of them utilize a fractional packing model for porosity.   
Model sediment mixtures and predicted porosity values are useful tools for testing 
the applicability of a permeability model.  Therefore, the research conducted by Kamann 
[2004] provides results that can be applied to other permeability models.  This study will 
take the necessary step of testing his model to determine if it is accurate for natural 
sediment, which will help improve confidence in its applicability. 
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3.0 SEDIMENT 
 
The natural sediment used in this study consists of sand taken from a quarry in 
Beavercreek, Ohio, and pebbles taken from the banks of the Mad River near Dayton, 
Ohio.  The sediment was originally deposited as glacial outwash that was derived from 
limestone and sandstone bedrock in north and central Ohio.  Texturally, the original 
deposits are poorly-sorted sands and sandy gravels.  Because these sediment sizes are 
prevalent in the glaciated regions of North America, both at the surface and in the 
subsurface, they were the focus of the studies by Kamann [2004] and Conrad [2006].    
Fine sand, medium sand, coarse sand and pebble grain sizes were intended to 
correspond with model glass beads and marbles used by Kamann [2004] and Conrad 
[2006].  However, I wanted to make certain that my model bimodal mixtures were as 
representative of natural sediment mixtures as possible.  Therefore, I analyzed the grain 
size distribution of the natural sand in its original state to determine the largest 
proportions of each size category to be used for my bimodal mixtures.  The results of this 
analysis are presented in Appendix A. I determined that the largest proportions of the 
coarse and medium sand grain size categories were in fact the same grain sizes used by 
Kamann [2004] and Conrad [2006].  However, I determined that the largest proportion of 
the fine sand grain size category was not the same grain size used by Kamann [2004] and 
Conrad [2006].  Therefore, I used a fine grain size that does not correspond with that used 
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by Kamann [2004] and Conrad [2006] in order to create representative mixtures of 
natural sediment.   
Visual inspection with a microscope at 10x power showed that the sand used in 
this study has an angular to sub-angular shape based on the visual descriptions of grain 
shape found in Boggs [1987].  The angular to sub-angular shape of the grains indicates 
that the natural sediment differs greatly in shape from the spherical grains.  The pebbles 
range from sub-rounded to well-rounded but not all of the pebbles reflect the uniformity 
in shape as that of the marbles used by Kamann [2004] and Conrad [2006].     
Sediment mixtures were created from four different size categories.  These size 
categories included fine sand, medium sand, coarse sand, and pebbles.  The sediment was 
sorted with sieves to obtain the needed size categories.  The sand was sieved in 
increments of 200 mL using a mechanical shaker and a sieving time of 20 minutes (see 
Conrad [2006]).  The stack of nested sieves used to sieve the sand included US Standard 
Mesh Sizes: 25 (0.71 mm), 30 (0.59 mm), 40 (0.42 mm), 45 (0.35 mm), 60 (0.25 mm), 
and 70 (0.21 mm).  Fine sand was retained between sieves with 0.21 and 0.25 mm 
openings, medium sand between sieves with 0.35 and 0.42 mm openings and coarse sand 
between sieves with 0.59 and 0.71 mm openings.  The pebbles were hand sieved and 
were retained between sieves with 9.52 and 12.70 mm openings.   
The grain diameters were determined by taking the median of the sieve openings 
for each grain size.  Pore size is estimated as 0.414d, where d is the grain diameter 
(Kamann [2004]).  The median grain diameters and estimated pore sizes of the size 
categories under cubic packing are shown in Table 1.  As previously noted, ideal coarse 
packing is possible only when the finer grains are small enough to fit entirely within the 
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pores between the coarser grains.  With df as the diameter of the finer grains and dcp as 
the size of the pores among coarser grains, ideal coarse packing is possible only when df 
/dcp < 1.   Table 2 shows this ratio for the sediment mixtures used in this study; it shows 
that ideal coarse packing is not possible for mixtures of medium sand/fine sand and 
coarse sand/medium sand; for these, disturbed coarse packing must occur.   
It should be noted that, although this study was designed to replicate those of 
Kamann [2004] and Conrad [2006] by using natural sediment, the fine sand and pebble 
median grain diameters are larger than the diameters they used.  Again, a different fine 
sand grain diameter was used in order to create representative mixtures of natural 
sediment.   However, the pebble diameter is larger because sieves could not be found that 
provide a median grain diameter that would have matched the size of the marbles, so 
larger scale sieves had to be utilized.   
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           Table 1 
Estimated Pore Sizes Under Cubic Packing 
Size 
Category 
Median Grain 
Diameter (mm) Pore Size (mm) 
Pebbles 11.11 4.600 
Coarse sand 0.650 0.269 
Medium sand 0.385 0.159 
Fine sand 0.230 0.087 
            
 
                 Table 2 
Values of df /dcp for Mixtures Used in Experiments 
Coarser Component   
Finer 
Component Medium 
sand Coarse sand Pebbles 
Fine sand 1.318 0.780 0.046 
Medium Sand - 1.431 0.084 
Coarse sand - - 0.141 
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4.0 POROSITY 
4.1 METHODOLOGY 
 
Porosity was measured on the end-member categories (e.g. fine sand, medium 
sand, coarse sand and pebbles) and six combinations of sediment mixtures (e.g. fine 
sand/medium sand, fine sand/coarse sand, fine sand/pebble, medium sand/coarse sand, 
medium sand/pebble, and coarse sand/pebble).  In accordance with Kamann [2004], 
grains from each category were mixed in proportions such that the pre-mixed volume 
fraction of the finer component (ξ ) spans the range between 0 and 100%.  Samples were 
created for each mixture combination as ξ  was increased by 10% increments.  Additional 
measurements were taken with ξ  at 25% and 75%, and where a porosity minimum 
occurred (near 40%).     
 Conrad [2006] discovered that the porosity measurements for mixtures of coarse 
sand/pebble tend to vary at a sample size of 100 mL.  However, this variation was 
minimal at a sample size of 400 mL.  In this study, all sediment mixtures that contained 
pebbles were created using a 400 mL sample size.  The use of this sample size is a 
procedural modification of the 100 mL sample size used by Kamann [2004] on the 
sand/pebble mixtures.  A sample size of 100 mL was used for the sand mixtures; a 50 mL 
sample size was used for sand mixtures if considerable air bubbles were present, which is 
consistent with Kamann [2004].   
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 The appropriate volume of each component was measured in a graduated cylinder 
to create the pre-mixed sample size volume.  Once each component was measured, they 
were then added together in a container and stirred for 30 or more seconds until they were 
mixed thoroughly.  After the components were mixed, they were then poured into a 
graduated cylinder and the total volume of the mixture (Vmix) was recorded.   
Porosity was then measured on the samples by adding water to the mixture within 
the graduated cylinder.  Air bubbles had the tendency to become trapped in the mixture 
leading to undersaturation of the mixture.  This undersaturation occurred because the 
presence of air within the sediment created obstructions that did not allow complete 
saturation.  To avoid trapped air bubbles, the graduated cylinder was tilted as water was 
slowly added.  This allowed water to flow along one side and to the bottom of the 
graduated cylinder, forcing air out of the mixture.  The volume of water required to 
saturate the mixture was recorded and equated to the volume of void space within the 
sediment (Vv).  Porosity was computed from the ratio of Vv/Vmix.  This procedure was 
repeated three times for each mixture combination.   
It should be noted that rf was computed on each of the three trials for each 
mixture combination.  However, Kamann [2004] gave each mixture combination the 
same rf value for all three trials and never stated whether or not the sediment was dried 
and reused or if the mixture was simply remixed.  Since the act of drying and reusing 
each of the 69 mixture combinations twice would be time-consuming and worth noting, it 
was assumed that Kamann [2004] remixed and used the average of the rf values.  Given 
this assumption the mixture combinations used in this study were remixed and the rf 
values were averaged for each of the three trial measurements.  Summary statistics for 
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each of the end-member categories and their 69 mixtures are provided in Appendix B.  
The results of all the porosity measurements are given in the included data disk. 
4.2 POROSITY RESULTS AND DISCUSSION 
 
The mean porosity was 37.7% for fine sand, 38.0% for medium sand, 39.4% for 
coarse sand, and 40.3% for pebbles.  The mean porosity results reported by Kamann 
[2004] were 41.1% for fine sand, 40.7% for medium sand, 39.0% for coarse sand, and 
40.7% for pebbles.  Kamann [2004] indicated that all four of his grain size categories had 
porosities that were (1) close among repeated measurements, (2) close among categories 
and (3) closer to the theoretical porosity for spherical grains in cubic packing (47.65%) 
than to the porosity for spherical grains in rhombohedral packing (25.95%).  While the 
natural sediment porosities were close among repeated measurements and closer to the 
theoretical porosity for spherical grains in cubic packing, natural sediment can only be 
considered relatively close among categories.  The results for natural sediment indicated 
that porosity increases with grain size among the grain categories from fine sand to 
pebbles (Table B1).  This is an unexpected result because under ideal conditions in which 
cubic packing occurs diameter does not influence porosity.  It is likely that ineffective 
sieving caused finer grains to be retained with coarser grains since the mixture of grain 
sizes lowers porosity.  Ineffective sieving refers to the possibility that sand grains were 
not sieved for a long enough span of time and/or sieves were not effectively cleaned to 
remove sand grains that became trapped in the wire mesh.  It seems reasonable to assume 
that the finer the grains the greater the difficulty to sieve angularly shaped grains into 
uniform grain sizes.  This would explain the decrease in porosity with grain size.   
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The mean volume reduction for each mixture is given in Appendix B.  The 
sand/pebble mixtures had the greatest volume of reduction, typically 5% to 25%, which is 
lower than the 10% to 30% reported by Kamann [2004] likely due to the difference in 
grain shape.  It appears that the marbles pack more tightly than the pebbles.  This is a 
plausible occurrence given the wide range of pebble shapes.  The pebbles are not uniform 
in shape and therefore allow packing that can contain pore spaces greater than that of the 
marble packing.  Typically, the greatest volume reduction occurred at the porosity 
minimum.       
Figure 2 illustrates porosity measurements and predicted values, determined by 
the expanded fractional packing model for porosity given in equations 6 and 7, against rf.  
Overall, the model compares well with the porosity measurements.  Unlike Kamann 
[2004] the model does not appear to deviate from measurements of the fine sand/pebble 
mixtures and the medium sand/pebble mixtures.  It is uncertain why this deviation occurs 
but it is possible that experimental error by Kamann [2004] may be the cause.   
Two versions of the expanded fractional packing model for porosity are plotted in 
Figure 2; one is based on the natural sediment parameters and the other is based on the 
parameters Kamann [2004] derived for spherical grains.  Comparison of these two 
models shows that the porosity of the model with spherical grain parameters predicts a 
lower porosity than that with natural sediment parameters for the sand/pebble mixtures 
(Figure 2A-C).  The difference between the two models for the sand/pebble mixtures is 
believed to be due to the difference in median grain diameter between the pebbles (11.11   
mm) and the marbles (10 mm).  This difference may also be similar to the trend observed 
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Figure 2: Comparison for natural sediment of measured porosity (square symbols) and 
predicted porosity determined with the expanded fractional packing model (equations 6 
and 7; solid line).  Also shown is predicted porosity determined with the expanded 
fractional packing model using spherical grain parameters (equations 6 and 7; dashed 
line). 
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with the volume reduction, in which the non-uniformity in pebble shape allows for 
packing that contains larger pore spaces than the packing of marbles.  A study by Sperry 
and Peirce [1995] shows that for grains with a uniform shape and size, spherical grains 
have a greater porosity than naturally shaped grains.  This indicates that the non-
uniformity in pebble shape can impact the porosity.   
On another note, Figure 2A-C show the influence of grain shape with respect to 
grain size.  Sperry and Peirce [1995] discovered that the influence of grain shape 
increases with increasing grain size.  They believe that this occurs because grain bridging 
and other consequences of packing irregular grains for smaller grain sizes results in 
greater total porosity than larger grain sizes.  Therefore, the porosities of sediment with 
different shapes are nearly indistinguishable for smaller grain sizes.  This influence is 
observed in the results of this study as the finer grain component increases among the 
sand/pebble mixtures.   
In regards to the porosity results of the sand mixtures, it is important to note that 
the median grain diameter of the natural fine sand is 0.061 mm greater than that of the 
spheres used by Kamann [2004].  Without the influence of this difference in fine sand 
grain diameter it appears that the model curves for the fine sand/medium sand (Figure 
2D) and the fine sand/coarse sand (Figure 2E) are comparable.  However, if a lesser grain 
diameter was used for the fine sand such as that comparable to Kamann [2004] then the 
modeled porosity of the spherical grains would be slightly greater than that of the natural 
sediment.  The model curves for the medium sand/coarse sand exhibits this trend well 
(Figure 2F).  Figure 2F illustrates that the spherical grains contain a greater porosity than 
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the naturally shaped grains, which corresponds with the findings of Sperry and Peirce 
[1995].   
The accuracy of the model was checked by comparing the predicted values with 
the measured values and computing the correlation coefficient and relative error.  Figure 
3 illustrates a plot of the predicted values versus the measured values.  I included in this 
figure a line of equality where points that fall along the line represent equality of the 
values.  The computed correlation coefficient was 0.96 and the relative error was within 
10%, ranging from 0.002% to 10%. These results show that the model for porosity is 
reasonably accurate.   
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Figure 3: Plot of the predicted porosity versus the measured porosity for each sediment 
mixture.  The straight line represents the line of equality. 
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5.0 PERMEABILITY 
5.1 METHODOLOGY 
 
Following the procedures of Kamann [2004], permeability was measured using 
sediment samples representing three end-member categories and six combinations of 
those categories. Table 3 shows the grain size combinations and values of ξ that were 
measured.  For pebble combinations where ξ is less than the pore volume of the coarser 
component, uniform mixtures cannot be created because the finer component does not 
disperse throughout the mixture uniformly.  Instead it settles to the bottom and fills the 
pores spaces of the pebbles.  Therefore, combinations that included pebbles were not 
measured below a ξ of 40%.  The pebble end-member was not measured because the 
permeability was above the measurable range of both the air-based permeameter and the 
water-based permeameter.   
Sediment mixtures were created by measuring the appropriate pre-mixed volumes in a 
1000 mL graduated cylinder and mixing them.  The pre-mixed volume total of the 
mixture was 2000 mL.  Due to the effect of volume reduction the post-mixed volume 
total was less than the pre-mixed volume total.  The post-mixed volume total was 
recorded for each sediment mixture to determine rf.  
Permeability was measured for each sample using both a compressed-air 
permeameter, referred to as the air-based method, and a constant-head permeameter, 
referred to as the water-based method.  The permeability measurements taken with these  
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        Table 3 
Values of ξ for each sediment mixture in which 
permeability was measured. 
Fine and Medium Sand   Fine Sand and Pebbles 
25% 35% 75%  --- 40% 75% 
         
Medium and Coarse Sand  Medium Sand and Pebbles 
25% 35% 75%  --- 40% 75% 
         
Fine and Coarse Sand  Coarse Sand and Pebbles 
25% 35% 75%   --- 40% 75% 
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permeameters were then compared to the predicted permeability provided by the model.  
Below are descriptions of the air- and water-based methods and the results of the 
measurements from each. 
5.1.1 AIR-BASED METHOD 
 
Permeability was measured on sediment that was incrementally poured into a clear PVC 
column 31.3 cm long and 8.3 cm in diameter (Figure 4).  The column is open on one end 
and closed with a plexi-glass plate at the other.  The column served as a container for the 
sediment with the air-based method and as a permeameter for the water-based method.  
To take measurements the column was positioned vertically and sediment was added.  
Following the same procedure as Kamann [2004], air permeameter measurements were 
taken at three locations on the sediment surface.  At each location a total of three 
measurements were taken.  Measurements consisted of the flow rate and injection 
pressure.  This was done for each of five increments of sediment where each increment 
filled the column an additional 5 cm.  After adding each increment, the sediment was 
stabbed with a rod to seat the sediment and minimize any segregation of grains created by 
pouring the sediment.  A total of 45 measurements were taken on the entire column of 
sediment.  It is important to note that the pressure regulator was set at 5 lpm to minimize 
the effects of slip-flow along the sediment surface.  For additional information on the 
construction of the column and procedures involving air-based     permeametry 
measurement see Conrad [2006].  
The injection pressure and the flow rate measurements were used to compute the 
permeability using a modified version of the Darcy equation: 
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Figure 4: Column (1) positioned vertically for taking measurements with the compressed- 
air permeameter.  Components of the compressed-air permeameter are as follows: (2) 
digital pressure meter, (3) pressure regulator, (4) digital mass flow meter and (5) tip-seal.  
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where: 
µ = viscosity of injected gas [M/(L*T)] 
1P = injection pressure [M/L*T
2]  
1Q = flow rate into sample [L
3/T] 
0P = atmospheric pressure [M/L*T
2] 
oG = geometric factor [Dimensionless] 
a = inside radius of tip-seal aperture [L] 
 
Equation 9 was derived by Goggin et al., [1998] assuming an ideal gas, constant gas 
viscosity, no gas slippage, and the validity of Darcys Law. 
The permeability was then corrected for high-velocity flow (See Appendix C).  
Next, the geometric mean of each increment was calculated.  Finally, the average 
permeability was determined for the entire column of sediment by calculating the 
harmonic mean of the geometric means.  This procedure was repeated for each sediment 
sample a total of three times.  
5.1.2 WATER-BASED METHOD 
 
The constant-head permeameter used the sediment-filled column from the air-
based method.  After the air-based measurements were completed the column was filled 
the rest of the way and capped with a stopper that included an outflow tube (Figure 5).   
Prior to use of the column for the air-based method an inflow tube and two tubes 
spaced 15.3 cm apart along the length of the column were attached to the column using 
silicone caulking to serve as manometers.  A small piece of glass wool was also added 
prior to pouring the sediment and was placed over the inflow tube and in the two tubes 
along the length of the column to stop sediment from exiting.  Before the column was 
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capped a thin layer of glass wool was placed on the sediment surface to stop sediment 
from exiting through the outflow tube during the water-based measurement.  Placing 
glass wool over all the inlet and outlet tubes is a crucial step in the procedure because 
adequate flow cannot be maintained without glass wool.   
Once the column was capped the stopper was held in place with two bar clamps.  
The column was then positioned diagonally with its long axis 30 degrees from the 
horizontal, upward in the flow direction. Hoses were then attached to the outflow and 
manometer tubes (Figure 5).  Before attaching the hosing to the inflow tube, air was bled 
out of the hose by flushing water through it.  The inflow hose was then attached to the 
column and the sediment was allowed to become completely saturated.   
Water was supplied to the column through a 20-liter carboy.  Initially, the carboy 
valve was opened partially to minimize the movement of sediment within the column 
caused by the force of the water.  The carboy valve was turned on completely after the 
sediment was fully saturated and flow was discharging from the outflow tube.  Next, the 
faucet was turned on to the degree that the flow rate in and out of the carboy was 
maintained in equilibrium, establishing a constant head.  Once the flow into the column 
was in equilibrium with the flow out of the column the head in the  
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Figure 5: Permeameter column positioned for water-based permeability measurements.  
Direction of flow is from left to right.  Components of constant-head permeameter are as 
follows: (1) hose attached to faucet (faucet not shown) to provide flow of water to 
carboy, (2) hose attached to siphon used to drain water from carboy, (3) carboy valve, (4) 
inflow tube, (5) manometer tubes attached to leveled meter sticks, (6) outflow tube.  Not 
shown is the graduated cylinder (7) used to collect discharged water for measurement. 
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manometer tubes was allowed to stabilize.  The head values stabilized in 10 minutes on 
average.  The head values were considered stable if the head change was 1 mm or less in 
five minutes.  After the head values stabilized they were recorded and the discharge rate  
and temperature were measured.  Discharge rate and temperature were recorded for 
values of total discharge equaling 100, 200, and 300 mL.  Finally, the head values were 
rechecked to confirm that the head remained relatively stable during the measurements.  
Measurements were conducted at three hydraulic gradients corresponding to different 
water levels in the carboy (labeled 15, 10, and 5 liters dispensed on its side). For a 
complete description of the water-based permeametry procedures see Conrad [2006]. 
The three discharge rates recorded at each gradient were averaged.  The averaged 
discharge rate, water temperature, and head values in each manometer tube were used to 
calculate the permeability.  Tables providing density, ρ, and viscosity, µ, as a function of 
temperature were used to compute the permeability.  Permeability is a function only of 
the medium and relates the specific discharge to the hydraulic gradient as defined below 
(Freeze and Cherry [1979]): 

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where: 
k = permeability [L2] 
ρ = fluid density [M/L3] 
µ = fluid viscosity [M/L*T] 
   q = specific discharge [L/T] 
g = acceleration due to gravity [L/T2] 
l
h
∂
∂ = hydraulic gradient [Dimensionless] 
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 To determine the permeability of the sediment sample the geometric mean was 
computed from the permeability values for the three hydraulic gradients.  Once the water-
based measurements were completed the sediment was emptied from the column, rinsed 
with DI water and dried.  This procedure was repeated for each sediment sample a total 
of three times.  
5.2 PERMEABILITY RESULTS AND DISCUSSION 
 
The predicted permeability values were computed using equation 8 for each of the 
six sediment mixtures across the full range of rf.  These predicted values are plotted with 
the results of the air- and water-based permeability measurements for comparison (Figure 
6).  The predicted, air-based, and water-based permeability values are provided in 
Appendix D and the calculations for these values are given in the included data disk.  The 
predictions are closest to the air- and water-based measurements for mixtures with an rf 
of ~77% or ~84%.  However, the predictions are less close to the measurements for 
mixtures with an rf of ~26% and ~37%, or ~50%.   
It appears that the model underpredicts the air-based permeability for mixtures 
with an rf  ≤ 50%.  However, it is possible that the compressed-air permeameter is less 
accurate for this range of rf and becomes so as dcp increases.  It appears that the 
instrument was affected the greatest by the dcp of the sand/pebble mixtures with an rf of 
~50% (Figure 6A  6C).  Inaccuracies with the instrument may have also been caused by 
regions of local heterogeneity in which grains became segregated by the action of 
pouring the sediment.  Local heterogeneity was observed for sand/pebble mixtures with 
an rf of ~50%.  Local heterogeneity causes slip-flow at the sediment surface, which 
affects the flow geometry and produces high permeability measurements. 
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Figure 6: Comparison of permeability determined with the expanded fractional packing 
model (equation 8) using natural sediment parameters, the compressed-air permeameter 
measurements (corrected for HVF effects), and constant-head water permeameter 
measurements.  Note that the scales for the ordinate axes for (A)to(C) are different from 
those for (D) to (F).  There are three air- and water-based values plotted at each 
corresponding rf. These values cannot be easily discerned and varied only slightly in all 
plots.  
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Overall, the measurements collected with the air-based method agree with the 
findings of Conrad [2006].  A comparison of modeled values of Kamann [2004] and/or 
Conrad [2006] is not made in Figure 6 because the differences would reflect variations 
similar to the comparisons made with the porosity model.   
The water-based permeability tended to be smaller than the predicted values for 
sediment mixtures with an rf  ≤ 50% (Figure 6A  6C), particularly for the sand/pebble 
mixtures.  This trend is also present with the sand mixtures but is rather minimal (Figure 
6D & 6F).  Conrad [2006] had a similar result, which he assumed was related to 
experimental error or to a physical condition within the mixture itself.  However, it is 
possible that air bubbles became trapped and acted as obstructions to flow across the 
cross-sectional area of the sample, resulting in lowered measurements of permeability. 
The accuracy of the model was checked by comparing the predicted values with 
the measured values.  Figure 7 illustrates a plot of the predicted values versus the 
measured values.  I included in this figure a line of equality where points that fall along 
the line represent equality of the values.  The plot shows that the model underpredicts the 
air-based measurements and overpredicts the water-based measurements.  Overall, the 
plot shows that the model for permeability is reasonably accurate, given that there are 
few systematic errors and the model falls between the two methods of measurement.   
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Figure 7: Plot of the predicted permeability versus the measured air- (triangle symbols) 
and water- (diamond symbols) based permeability.  The straight line represents the line of 
equality. 
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6.0 DISCUSSION 
 
 As discussed previously the modeled and measured porosity compare well.  The 
use of natural sediment in this study provided results that are in agreement with the 
findings of Kamann [2004].   Grain shape has an impact on porosity and ultimately 
permeability.  The results indicate that spherical grains of a uniform size have a greater 
porosity than angular grains of the same size.  However, sediment mixtures of non-
uniformly shaped less-spherical grains have a greater porosity than those of uniformly 
shaped spherical grains.  The results also confirm that the influence of shape in sediment 
mixtures increases with increasing finer grain component.    
The predicted permeability was determined with the permeability model, which 
utilized the modeled porosity.  The results are in agreement with the findings of Kamann 
[2004] and Conrad [2006].  The predicted permeability and the measured values for both 
the air- and water-based methods compare well.  The air-based measurements compare 
well given the correction for HVF.  The corrected air-based permeability differed from 
the water-based and predicted permeability by only one order of magnitude or less, for 
most of the sediment mixtures.  The difference tended to be larger for sediment mixtures 
with a rf  ≤ 50%.  However, this magnitude of difference is not seen as a to be significant 
given the overall variability of permeability.  Nevertheless, the use of the correction 
model improves the measurements taken by the compressed-air permeameter for poorly-
sorted sands and sandy gravels.   
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 It was found that with fine packing (i.e. rf greater than the φmin) permeability is 
essentially independent of rf,. This implies that the effect of the pebbles is negligible and 
that the permeability of the mixture is essentially that of the matrix.  Considering this, 
an analysis was conducted to determine if the techniques used in this study can detect 
subtle differences of permeability within the matrix.  Two-tailed tests on the hypothesis 
on the equality of the means were conducted; comparing the air- and water-based 
permeability values across the rf range of 0.5 to 1.0 for the sand/pebble mixtures.  The 
results and findings of this statistical analysis are found in Appendix E.  
 Kamann [2004] assumed that his fractional packing model was generally 
representative of poorly-sorted sands and sandy gravels.  The results here show that 
porosity and permeability of poorly-sorted sand and sandy gravels can be predicted with 
the application of his model and the use of natural sediment.  The fact that his model can 
be applied to natural sediment improves confidence its use.           
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7.0 CONCLUSIONS 
 
 In this study, I attempted to determine if Kamann [2004] was correct that 
measurements of porosity and permeability on spherical grains are representative of 
natural sediment.  To assess this assumption, I measured the porosity and permeability on 
model sediment mixtures of natural sediment, which were created by varying the volume 
fraction of finer grains.  I measured the porosity and air- and water-based permeability 
following the same procedures as Kamann [2004] and Conrad [2006].  I then compared 
the measured values to the predicted values made with the petrophysical models 
originally derived by Koltermann and Gorelick [1995] and modified by Kamann [2004].  
The petrophysical model for porosity required the parameters φmin, cφ and fφ that must be 
determined empirically.  This model generated porosity values that were input into the 
petrophysical model for permeability to generate permeability values.   
The measuring and modeling of porosity and permeability that I conducted in this 
study have led to the following conclusions:   
(1) The expanded fractional packing model effectively represented the porosity of 
the measured sediment mixtures.  
(2) A correction model for a compressed-air permeameter based on natural 
sediment was developed to account for the effects of high velocity flow.  The correction 
model was defined over a range of Reynolds numbers between 23 and 233.  The results 
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show that the correction model for spherical grains cannot be applied to the uncorrected 
air-based permeability values for mixtures of natural sediment.   
(3) The permeability model represented the permeability of the measured 
sediment mixtures well.  However, the model tended to underpredict the air-based 
measurements for mixtures with an rf  ≤ 50%.  Local heterogeneity is believed to be the 
primary reason as to why the air-based permeability values are larger than the predicted 
values for this range in rf.  The model also had the tendency to overpredict the water-
based measurements for mixtures with an r f  ≤ 50%.  Trapped air bubbles within the 
sediment sample are believed to be the reason why the water-based permeability values 
are smaller than the predicted values for this range in rf.   
(4) A rigorous statistical analysis was conducted to determine the equality of the 
predicted and measured values of permeability with respect to the fine packing range of 
the sand/pebble mixtures (Appendix E).  The findings are as follows: 
4a.) The constant-head permeameter can detect with confidence subtle differences 
in the matrix. 
4b.) The compressed-air permeameter cannot detect the most subtle differences in 
the matrix, except where rf values of 0.50. 
 4c.) The predicted values do not compare well with the measured values, at this 
level of significance.  However, given that permeability varies widely, equality of values 
at a stringent level of significance is not a considerable concern. 
 4d.) The air- and water-based techniques become more comparable as rf increases 
toward 1 within the fine packing range.    
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 (5) The model by Kamann [2004] is found to be generally representative and 
applicable to natural sediment, namely poorly-sorted sands and gravels.  The improved 
confidence in the accuracy of the expanded fractional packing model also helps to 
improve the overall confidence in predicting porosity and permeability.      
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8.0 FUTURE WORK 
 
 Even though this study examines the effect of grain size on porosity and 
permeability, grain shape was also found to affect porosity and permeability.  As 
originally suggested by Conrad [2006] a future study should focus exclusively on the 
effect of grain shape by following the methods used in this study.  This can be 
accomplished with the use of artificial sediment that corresponds to different shape 
categories (i.e. angular, sub-angular, and sub-rounded).  The difficulty of such a study is 
in finding artificial sediment that suitably represents a grain shape other than spherical.  
The study conducted by Sperry and Peirce [1995] investigates the affect of grain shape on 
hydraulic conductivity with the use of glass spheres, shredded glass, and sand.  However, 
a complete comparison of possible grain shapes has not been conducted with respect to 
sediment mixtures. 
Koltermann and Gorelick [1995], Kamann [2004], and Conrad [2006] all chose to 
predict permeability using the Kozeny-Carmen equation.  However, other equations exist 
that relate porosity to permeability, such as the Hazen and Fair-Hatch equations (Freeze 
and Cherry [1979]).  A comparative study can be conducted using such equations, the 
fractional packing porosity and the measured values provided from this study.   
The sediment mixtures used in this study were bimodal but it is possible to 
conduct measurements and model porosity and permeability on multi-modal mixtures.  A 
study on multi-modal mixtures could examine the differences between the bimodal and 
multi-modal mixtures, which would determine the applicability of conducting studies 
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using bimodal mixtures.  To date research conducted on multi-modal mixtures has 
focused primarily on porosity (Standish and Yu [1987]; Yu and Standish [1987; 1991; 
1993]; Yu et al. [1993]; Yu and Zou [1998]).  However, a limited amount of research has 
focused on permeability (Standish and Leyshon [1981]; Standish and Collins [1983]; Yu 
and Zulli [1994]). 
 These possible topics of additional research will help to further the understanding 
of predicting porosity and/or permeability and incorporate the use of model sediment 
mixtures. 
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APPENDIX A: Grain Size Distribution Analysis 
 
 The distribution of grains sizes was measured for the natural sand used in this 
study in its original state.  A 70 g representative sample was sieved using U.S. Standard 
sieves with sieve openings as shown in Table A1.  Three grain size distribution trials 
were conducted to ensure the consistency of the representative sample.  These trials were 
averaged and the results are displayed as a histogram in Figure A1.  Figure A1 illustrates 
that the natural sand is predominantly made up of medium sand.   
In order to create bimodal sediment mixtures that were representative of natural 
sediment mixtures the largest proportion of each size category was chosen.  This was 
accomplished by determining the proportion of the sample that each grain size made up.  
The largest proportion within each size category included 11.0% for fine sand, 14.6% for 
medium sand and 8.1% for coarse sand.  These proportions within the fine sand, medium 
sand and coarse sand size categories were present at sieve openings between 0.21 and 
0.25 mm, 0.35 and 0.42 mm, and 0.59 and 0.71 mm., respectively.   
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  Table A1 
Wentworth 
Size Class 
Sieve # of 
U.S. 
Standard 
Sieve 
 φ Size Opening Size (mm) 
Weight % 
Retained 
Granule 10 -1.00 2.000 2.1% 
12 -0.75 1.680 0.6% 
14 -0.50 1.410 0.5% 
16 -0.25 1.190 0.9% 
Very Coarse 
Sand 
18 0.00 1.000 1.0% 
20 0.25 0.840 2.4% 
25 0.50 0.710 1.2% 
30 0.75 0.590 8.1% 
Coarse Sand 
35 1.00 0.500 5.2% 
40 1.25 0.420 11.0% 
45 1.50 0.350 14.6% 
50 1.75 0.300 12.0% 
Medium 
Sand 
60 2.00 0.250 8.6% 
70 2.25 0.210 11.0% 
80 2.50 0.177 4.5% 
100 2.75 0.149 3.8% 
Fine Sand 
120 3.00 0.125 4.4% 
140 3.25 0.105 3.3% 
170 3.50 0.088 0.4%  Very Fine Sand  
200 3.75 0.074 1.7% 
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Figure A1: Histogram of grain size data averaged from three distribution trials. 
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APPENDIX B: Porosity Statistics 
 
 
 
 
 
 
 
 
 
 
         Table B1 
Summary statistics for the porosity of end-member sediment categories 
  Fine Sand Medium Sand 
Coarse 
Sand Pebbles 
Mean 0.377 0.380 0.394 0.403 
Max 0.379 0.390 0.395 0.406 
Min 0.372 0.371 0.394 0.401 
Variance 1.545E-05 8.447E-05 4.375E-07 8.724E-06 
Range 0.007 0.018 0.001 0.006 
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          Table B2 
Summary statistics for the porosity of coarse sand/pebble mixturesa 
       
  
10% 
Coarse 
Sand 
20% 
Coarse 
Sand 
25% 
Coarse 
Sand 
30% 
Coarse 
Sand 
Mean 0.368 0.299 0.265 0.225 
Max 0.373 0.306 0.277 0.229 
Min 0.361 0.290 0.255 0.220 
Variance 3.948E-05 6.438E-05 1.267E-04 2.199E-05 
Range 0.012 0.016 0.022 0.009 
Mean Vol. 
Reduction 9.33% 17.08% 19.92% 23.33% 
       
  
40% 
Coarse 
Sand 
50% 
Coarse 
Sand 
60% 
Coarse 
Sand 
70% 
Coarse 
Sand 
Mean 0.256 0.280 0.305 0.323 
Max 0.264 0.285 0.313 0.330 
Min 0.245 0.276 0.300 0.319 
Variance 9.982E-05 1.853E-05 4.580E-05 3.670E-05 
Range 0.020 0.008 0.013 0.011 
Mean Vol. 
Reduction 24.17% 19.25% 14.92% 12.17% 
       
  
75% 
Coarse 
Sand 
80% 
Coarse 
Sand 
90% 
Coarse 
Sand 
  
Mean 0.333 0.354 0.370   
Max 0.339 0.355 0.378   
Min 0.324 0.353 0.365   
Variance 6.470E-05 2.190E-06 4.562E-05   
Range 0.015 0.003 0.013   
Mean Vol. 
Reduction 12.33% 9.33% 4.00%   
          a The % of coarse sand is equivalent to ξ, the pre-mixed volume fraction of fines.   
      The % volume reduction was determined by the following equation: 
                  





+
−+
VCVF
VTVCVF mix)( . 
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          Table B3 
Summary statistics for the porosity of medium sand/pebble mixtures 
       
  
10% 
Medium 
Sand 
20% 
Medium 
Sand 
25% 
Medium 
Sand 
30% 
Medium 
Sand 
Mean 0.363 0.265 0.238 0.215 
Max 0.377 0.287 0.244 0.232 
Min 0.354 0.246 0.233 0.203 
Variance 1.451E-04 4.209E-04 3.159E-05 2.311E-04 
Range 0.023 0.041 0.011 0.029 
Mean Vol. 
Reduction 10.00% 17.92% 20.83% 23.33% 
       
  
40% 
Medium 
Sand 
50% 
Medium 
Sand 
60% 
Medium 
Sand 
70% 
Medium 
Sand 
Mean 0.226 0.260 0.289 0.321 
Max 0.234 0.264 0.299 0.332 
Min 0.218 0.256 0.284 0.312 
Variance 6.346E-05 1.571E-05 6.773E-05 1.104E-04 
Range 0.016 0.008 0.014 0.021 
Mean Vol. 
Reduction 22.63% 21.08% 16.25% 13.75% 
       
  
75% 
Medium 
Sand 
80% 
Medium 
Sand 
90% 
Medium 
Sand   
Mean 0.322 0.334 0.359   
Max 0.324 0.337 0.378   
Min 0.321 0.330 0.345   
Variance 2.213E-06 1.211E-05 2.979E-04   
Range 0.003 0.007 0.033   
Mean Vol. 
Reduction 
14.75% 11.33% 7.48% 
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          Table B4 
Summary statistics for the porosity of fine sand/pebble mixtures 
       
  
10% Fine 
Sand 
20% Fine 
Sand 
25% Fine 
Sand 
30% Fine 
Sand 
Mean 0.346 0.262 0.239 0.212 
Max 0.354 0.265 0.261 0.223 
Min 0.338 0.259 0.228 0.207 
Variance 6.602E-05 9.646E-06 3.606E-04 8.243E-05 
Range 0.016 0.006 0.033 0.016 
Mean Vol. 
Reduction 12.08% 21.50% 24.00% 26.25% 
       
  
40% Fine 
Sand 
50% Fine 
Sand 
60% Fine 
Sand 
70% Fine 
Sand 
Mean 0.237 0.253 0.298 0.329 
Max 0.240 0.261 0.308 0.338 
Min 0.234 0.245 0.293 0.319 
Variance 9.542E-06 6.732E-05 6.718E-05 9.094E-05 
Range 0.006 0.016 0.015 0.019 
Mean Vol. 
Reduction 26.83% 21.67% 19.50% 15.67% 
       
  
75% Fine 
Sand 
80% Fine 
Sand 
90% Fine 
Sand   
Mean 0.339 0.351 0.360   
Max 0.343 0.357 0.364   
Min 0.337 0.348 0.356   
Variance 1.139E-05 2.592E-05 1.596E-05   
Range 0.006 0.009 0.008   
Mean Vol. 
Reduction 
11.67% 10.67% 4.00% 
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          Table B5 
Summary statistics for the porosity of fine sand/medium sand mixtures 
       
  
10% Fine 
Sand 
20% Fine 
Sand 
25% Fine 
Sand 
30% Fine 
Sand 
Mean 0.371 0.366 0.364 0.363 
Max 0.377 0.373 0.366 0.366 
Min 0.361 0.362 0.360 0.361 
Variance 7.987E-05 3.733E-05 9.903E-06 7.874E-06 
Range 0.002 0.011 0.006 0.005 
Mean Vol. 
Reduction 3.17% 3.83% 4.50% 5.00% 
       
  
40% Fine 
Sand 
41% Fine 
Sand 
50% Fine 
Sand 
60% Fine 
Sand 
Mean 0.363 0.356 0.362 0.364 
Max 0.366 0.357 0.368 0.371 
Min 0.358 0.355 0.358 0.360 
Variance 1.829E-05 1.249E-06 2.924E-05 3.257E-05 
Range 0.008 0.002 0.010 0.011 
Mean Vol. 
Reduction 5.17% 5.67% 4.67% 4.50% 
       
  
70% Fine 
Sand 
75% Fine 
Sand 
80% Fine 
Sand 
90% Fine 
Sand 
Mean 0.367 0.368 0.370 0.373 
Max 0.371 0.369 0.373 0.377 
Min 0.365 0.367 0.366 0.370 
Variance 1.041E-05 9.085E-07 1.547E-05 1.589E-05 
Range 0.006 0.002 0.008 0.008 
Mean Vol. 
Reduction 
4.33% 2.83% 2.33% 0.83% 
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          Table B6 
Summary statistics for the porosity of fine sand/coarse sand mixtures 
       
  
10% Fine 
Sand 
20% Fine 
Sand 
25% Fine 
Sand 
30% Fine 
Sand 
Mean 0.337 0.334 0.330 0.324 
Max 0.340 0.335 0.334 0.328 
Min 0.334 0.333 0.326 0.321 
Variance 9.018E-06 1.477E-06 1.639E-05 1.324E-05 
Range 0.006 0.002 0.008 0.007 
Mean Vol. 
Reduction 3.67% 5.00% 7.33% 8.00% 
       
  
39% Fine 
Sand 
40% Fine 
Sand 
50% Fine 
Sand 
60% Fine 
Sand 
Mean 0.319 0.322 0.325 0.321 
Max 0.322 0.326 0.327 0.326 
Min 0.313 0.315 0.322 0.314 
Variance 2.973E-05 3.938E-05 7.253E-06 3.465E-05 
Range 0.010 0.011 0.005 0.012 
Mean Vol. 
Reduction 9.67% 8.00% 8.67% 7.50% 
       
  
70% Fine 
Sand 
75% Fine 
Sand 
80% Fine 
Sand 
90% Fine 
Sand 
Mean 0.337 0.354 0.355 0.359 
Max 0.344 0.367 0.360 0.366 
Min 0.327 0.340 0.347 0.354 
Variance 7.060E-05 1.714E-04 4.790E-05 3.352E-05 
Range 0.017 0.026 0.013 0.011 
Mean Vol. 
Reduction 
7.50% 4.33% 4.67% 2.67% 
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                     Table B7 
Summary statistics for the porosity of medium sand/coarse sand 
mixtures 
       
  
10% 
Medium 
Sand 
20% 
Medium 
Sand 
25% 
Medium 
Sand 
30% 
Medium 
Sand 
Mean 0.372 0.374 0.367 0.359 
Max 0.374 0.378 0.373 0.364 
Min 0.370 0.371 0.358 0.352 
Variance 4.333E-06 1.249E-05 6.300E-05 3.475E-05 
Range 0.004 0.006 0.015 0.012 
Mean Vol. 
Reduction 3.67% 3.67% 3.75% 4.17% 
       
  
39% 
Medium 
Sand 
40% 
Medium 
Sand 
50% 
Medium 
Sand 
60% 
Medium 
Sand 
Mean 0.339 0.341 0.346 0.348 
Max 0.347 0.343 0.352 0.357 
Min 0.335 0.339 0.343 0.342 
Variance 5.106E-05 5.343E-06 2.349E-05 6.253E-05 
Range 0.013 0.003 0.009 0.014 
Mean Vol. 
Reduction 5.00% 4.67% 4.42% 3.17% 
       
  
70% 
Medium 
Sand 
75% 
Medium 
Sand 
80% 
Medium 
Sand 
90% 
Medium 
Sand 
Mean 0.358 0.355 0.368 0.378 
Max 0.361 0.358 0.376 0.379 
Min 0.355 0.353 0.360 0.378 
Variance 8.952E-06 5.719E-06 6.317E-05 5.200E-07 
Range 0.006 0.005 0.016 0.001 
Mean Vol. 
Reduction 
3.33% 3.17% 3.00% 2.67% 
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APPENDIX C: High Velocity Flow Correction 
 
Kamann [2004] discovered that his measurements, when used with equation (8), 
led to estimates of air-based permeability that were consistently lower than the water-
based permeability in all the sediments he tested.  I discovered that the same effect was 
true for the natural sediment used in this study.  Goggin et al. [1988] determined that high 
velocity flow (HVF) effects are present when the Reynolds number (Re) exceeds the 
upper limit for Darcian flow.  Darcys law is valid only if Re does not exceed some value 
between 1 and 10 (Bear [1972]), dependent on the flow geometry.  The Re for the 
experiments in this study ranged from 23 to 233, all of which surpass the upper limit and 
represent non-Darcian (turbulent) flow.  Therefore, HVF corrections are required.   
The Re value for each uncorrected permeability measurement was determined 
with the following equation (Freeze and Cherry [1979]): 
µ
ρ pair
e
dq
R =                 (11) 
where: 
 Re = Reynolds number [Dimensionless] 
 ρ  = density of air [M/L3] 
 airq  = injected flow rate [L/T] 
 pd  = representative length dimension [L] 
 µ  = viscosity of air [M/(L*T)] 
The correction model for HVF was devised by Kamann [2004] and revised by 
Conrad [2006].  Following Conrad [2006], a set of three averaged, uncorrected, air-based 
permeability values and three corresponding averaged water permeability values were 
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computed for each of the three sand size categories.  The pebble category was not 
measured because the permeability is above the measurable range of both the air- and 
water-based permeameters.  First, ∆α was computed as the difference between the 
uncorrected air-based permeability (α) and the water permeability.  Then the model was 
developed by plotting ∆α versus Re (Figure C1).  A linear regression line was fitted to 
the data.  The model is defined by the following equation:   
α = α + 2.1283 (Re)  39.105         (12) 
This equation was used in the model to generate corrected air-based permeability 
measurements (α).  The dp (used in the calculation of Re) was varied depending on the rf 
in order to fully apply this model to the sediment mixtures (see Conrad [2006]).  
Sediment mixtures with fine packing (rf ≥ 0.4) were given a dp value that was based on 
the pore size of the finer-grained component.  Sediment mixtures with coarse packing (rf 
< 0.4) were based on the geometric mean of the pore diameters, which were weighted 
according to rf.  
 Figure C1 illustrates fine, medium, and coarse sand grain sizes plotted according 
to ∆α and Re for both natural and spherical sediment.  Comparison shows that the slope 
of the regression line for the spherical sediment is steeper than for the natural sediment.  
This difference between the sediment types may be due to the shape.  However, it is more 
likely that this difference is caused by the tip-seal burial method employed by Conrad 
[2006].   Conrad [2006] used this method to reduce the displacement of sediment by air 
slip-flow.  He accomplished this by determining a sufficient depth in the sediment at 
which a stable representative measurement could be taken.  The act of burying the tip-
seal provides lower flow rates than flow measured at the sediment surface by eliminating 
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the presence of slip-flow.  Measurements for natural sediment, on the other hand, were 
taken on the sediment surface.  Since these lower flow rates are the result of the tip-seal 
burial method it is believed that the critical difference between the sediment types is due 
to the slightly different flow geometries.  
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Figure C1: Plot of ∆α vs. Re for both spherical and natural sediment of fine (in each 
case, lowest Re), medium, and coarse (in each case, highest Re) sand grain sizes.  
Regression lines were fitted to the data for both each sediment type.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 56
 
 
 
 
 
APPENDIX D: Permeability Statistics  
 
              Table D1 
Summary statistics for the permeability of sand/pebble mixtures 
       
Coarse Sand and Pebbles    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 n/a n/a 93387.61 
0.40 0.49 551.15 143.76 332.40 
0.75 0.83 262.31 160.02 336.31 
1.00 1.00 248.10 250.46 394.84 
       
Medium Sand and Pebbles    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 n/a n/a 93387.61 
0.40 0.51 338.71 41.64 94.44 
0.75 0.84 122.12 68.59 89.58 
1.00 1.00 109.14 111.07 102.66 
       
Fine Sand and Pebbles    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 n/a n/a 93387.61 
0.40 0.51 195.82 13.98 32.48 
0.75 0.84 36.97 25.86 30.02 
1.00 1.00 37.92 40.23 34.16 
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             Table D2 
Summary statistics for the permeability of sand mixtures 
       
Fine and Medium Sand    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 109.14 111.07 102.66 
0.25 0.26 106.59 62.16 66.61 
0.35 0.38 90.90 54.43 55.97 
0.75 0.75 49.74 42.57 38.47 
       
Fine and Coarse Sand    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 248.10 250.46 394.84 
0.25 0.27 186.04 75.58 130.38 
0.35 0.38 155.57 64.57 82.68 
0.75 0.78 53.19 40.72 37.77 
1.00 1.00 37.92 40.23 34.16 
       
Medium and Coarse Sand    
ξ rf Mean air-based k Mean water-based k kfp values 
0.00 0.00 248.10 250.46 394.84 
0.25 0.26 228.31 154.44 197.54 
0.35 0.36 205.29 142.30 148.83 
0.75 0.76 136.83 104.66 107.82 
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APPENDIX E: Statistical Analysis 
 
 A statistical analysis was conducted on the predicted and measured values of 
permeability, considering the magnitude of variation of permeability with the fine 
packing range of the sand/pebble mixtures.  As seen in Figures 6A-C, each of the 
predicted permeability curves is relatively flat throughout the fine packing range (i.e. rf > 
~0.4).  This finding corresponds with Conrad et al. [2007] who indicated that the 
permeability of pebbly sands is mostly determined by the permeability of the matrix.  If 
this is the case, then there can only be subtle changes in permeability within the fine 
packing range.  However, it is unclear if the air- and water-based techniques can discern 
these subtle differences, particularly in regards to natural sediments. 
 The predicted and measured values of permeability within the fine packing range 
for the sand/pebble mixtures are shown in Table E1.  These values indicate that 
permeability within the fine packing range does not vary largely (particularly for rf from 
0.85 to 1.0).  Two-tailed tests were conducted on the hypothesis that the means are equal, 
comparing the air- and water-based permeability values across the rf range of 0.5 to 1.0. 
Additional tests were conducted to determine the equality of the predicted and measured 
values as well as the equality of the air- and water-based values, all within the fine 
packing range.  The results of these tests are shown in Table E2, using the fine 
sand/pebble mixture as an example.        
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       Table E1 
 
rf 
Fine Sand and 
Pebbles 
Medium Sand 
and Pebbles 
Coarse Sand 
and Pebbles 
A. Predicted k     
 0.50 32.48 94.44 332.40 
 0.85 30.02 89.58 336.31 
 1.00 34.16 102.66 394.84 
     
B. Mean water-based k     
 0.50 13.98 41.64 143.76 
 0.85 25.86 68.59 160.02 
 1.00 40.23 111.07 250.46 
     
C. Mean air-based k     
 0.50 195.82 338.71 551.15 
 0.85 36.97 122.12 262.31 
 1.00 37.92 109.14 248.10 
 
      
   Table E2 
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 The results for the statistical analysis of the water-based values in Table E1B 
indicate that the differences are all statistically significant at a 0.05 level.  Therefore, the 
water-based permeameter can detect with confidence subtle differences in the 
permeability of the matrix. 
 Statistical analysis of all of the air-based values shown in Table E1C indicates 
that the differences are statistically significant at a 0.05 level only for rf values of 0.50.   
Therefore, the air-based permeameter cannot detect the most subtle differences in the 
matrix, those subtle differences being for rf values of 0.85 or higher. 
    The two-tailed hypotheses on equality of the means for the predicted and water-
based values of permeability were uniformly rejected (0.05 level).  Therefore, the two 
means are not comparable at this level of significance.  The same tests were conducted 
for the predicted and air-based values of permeability.  The results indicated that the 
predicted means were not comparable to the air-based means, except at an rf of 1.00.  In 
summary, the predicted values do not compare well with the measured values at this level 
of significance.  However, note that this statistical test is rigorous because the number of 
observations is small.  Furthermore, Figure 7 shows that permeability can vary by several 
orders of magnitude for similar sediments.  Therefore, these results should not be 
interpreted to mean that the predictions are invalid.   
 A test of the equality between the air- and water-based techniques indicated that 
these techniques do not compare well, except at an rf of 1.00 (two-tailed, 0.05 level).  
However, the results from these techniques become more comparable as rf goes to 1.00 
within the fine packing range (as observed in Figures 6A-C).   
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